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Abstract
Sandwich structures, due to their high stiffness versus lightness ratio, are used progressively in high performance
products. In order to design these structures with the most appropriate dimensions and material combinations,
relevant mechanical properties must be well understood. This work aims to estimate the elastic properties of com-
posite sandwiches from a curved structure taking into account the manufacturing process. In the case of filament
winding process, specimens are necessarily cylindrical or barrel extracted. In our case, these types of structures are
tested in 3- and 4-point bending to analyze their behavior experimentally using predictive models and design rules.
Different conEgurations are adopted for bending tests to analyze and discuss global mechanical behavior. Furthermore,
the acoustic emission technique is used to detect the initial appearance of damage mechanisms and to examine their
evolution in terms of amplitude peaks and localization. Finally, a correlation between these acoustic emission signals
and the damage initiation mechanisms is proposed, considering their effects on the mechanical behavior of each tested
material.
Keywords
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Introduction
Automotive companies have been driven to reduce
weight while pushing performance boundaries.
There is an increasing demand for lightweight and func-
tional materials to enhance the properties of advanced
composites. To achieve this goal, the adoption of this
type of materials is an obvious choice. Knowing that
they are generally designed to support bending forces,
sandwich structures represent powerful materials for
that and must meet other requirements such as corro-
sion, abrasion, ﬁre resistance and thermal insulation.1–3
Basically, the choice of the type of sandwich depends
on its application, like structures or structural parts
requiring high stiﬀness and strength. When designed
to be used in cylindrical structures like tanks, curved
composite sandwiches are mostly subject to ﬂexural and
compressive loadings. These highly eﬃcient multi-
layered materials are designed to support radial and
bending loads. They consist of a low-density core
bonded between two thin and relatively rigid skins.4
The behavior of this type of structure constitutes the
aim of the Huygens theorem: the resistance of a
mechanically loaded section along a given axis varies
with its quadratic moment along this axis. It should be
noted that the geometry of a section is more signiﬁcant
than its corresponding mass. The high ﬂexural
performance is the major advantage of this type of
multilayer material which requires additional
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information on its quasi static properties. The diﬀerent
polyethylene terephthalate- (PET), polyurethane- (PU)
and polypropylene (PP)-based foams have numerous
applications in diverse areas of engineering.3 In fact, a
high structural strength with a low weight, an excellent
fatigue resistance, and a very good temperature stabil-
ity are the important factors that enable these materials
to substitute more traditional core materials such as
PVC or Balsa.5 For example, apart from the skins of
sandwich structures which often do not allow that, the
closed cell structure of PET foams ensures minimal
humidity absorption and keeps the risk of physical deg-
radation very low.6 Their ability to be recycled makes
them very attractive for applications, focusing on
‘‘green aspects’’. With the basic properties of being a
thermoplastic, PET foams have wide processing possi-
bilities. Having both thermoset and thermoplastic
properties allows this type of foam to be easily thermo-
formed, and thus tremendously extends the possibilities
in design (3D-shape). Same as PET foams, PU- and PP-
based foams are extremely low-weight hybrid core
materials with mechanical properties that can be indi-
vidually optimized.7 This oﬀers a multitude of beneﬁts
for the production process.
Although many experimental and numerical works
have been conducted on bending behavior of sandwich
materials, they were limited to ﬂat structures and not to
curved ones. Several researchers have explored the fail-
ure modes of sandwich structures in ﬂexure.8,9
Triantaﬁllou and Gibson10 studied failure modes of
sandwich beams with aluminum face sheets and a
rigid PU foam core. Failure maps for various core den-
sities and deﬂection ratios were constructed for face
yielding, face wrinkling, core yield in shear, and core
yield in tension and compression. Based on similar fail-
ure equations, a weight optimum design of composite
sandwich structures was proposed by Yoshii.9 A sum-
mary of design approaches to sandwich construction is
done by ZENKERT and may be found in Humer
et al.11 while information on cellular solids is available
in Shindo et al.12
In the present study, a description of materials man-
ufacturing method was ﬁrstly made to give a general
idea of the context. Next, a mechanical characterization
was carried out on the sandwich curved specimens made
by ﬁlament winding process with PET-, PU- and PP-
based foams and glass-ﬁber/vinyl-ester composite lami-
nated skins, focusing on ﬂexural deformation mechan-
isms. The obtained composite was subjected to quasi-
static ﬂexural loading with full coupling of skin–core
interaction to investigate its mechanical behavior. The
main objective was to elucidate the deformation and
failure damages regarding the diﬀerent real specimens
in parallel with an acoustic emission monitoring
(AE).13,14 In addition, the experimental results have
been compared with the classical beam theory to ascer-
tain the reliability of the investigation ﬁndings.15,16
Materials manufacturing
Composites provide new solutions for manufacturers
looking for stronger, lighter and more cost-eﬀective
materials. At the same time, they pose new modeling
and manufacturing challenges due to curing, spring-
back and residual stresses. To study the new curved
structures, it was necessary to fabricate the diﬀerent
sandwich materials on a cylindrical mold having the
dimensions of the ﬁnal tank. These samples of sand-
wich materials presented in Table 1 were manufactured
using the ﬁlament winding process, with the application
of the real tension (15N/yarn) on the glass ﬁbers
which form the two upper and lower skins, as shown
in Figure 1(a) and (b).
The insertion of the light core material between the
two facings allows an increase in thickness while limit-
ing the increase in mass. Moreover, the positioning of
the faces, which are often very rigid, as far as possible
from the median plane, allows to maximize the quad-
ratic moment and therefore the ﬂexural rigidity.
In some cases, functional properties are also desired
such as energy absorption during shocks. Thus, the
choice of the core material makes it possible to satisfy
this type of multifunctional speciﬁcations, using in
particular architectural materials (for example foams,
trellises, embossed sheets). It is by considering these
structural and functional speciﬁcations that the choice
of constituent materials and geometric parameters
should take place in an integrated approach.
Using the actual ﬁlament winding process on a
mandrel with a diameter of 1500mm, our industrial
partner was able to produce sandwich samples, using
the selected candidate cores after a good research and
study on the previously described materials. In fact,
manufacturing has occurred in three phases:
1. Winding the ﬁrst skin of the sandwich structure by
depositing several layers of glass ﬁbers to form 4mm
of thickness;
2. A manual putting in each type of sandwich core on
the mandrel. For this step, a process design has been
proposed to the company (described later), which
facilitates the preparation task of the foams before
their implementation into process (see Figure 3).
3. Winding of the outer skin (4mm of thickness as well)
and ﬁnish of the upper layer.
It was necessary to wait 2–3 h for the polymerization
between each step. Finally, the extraction of the mater-
ials from the mandrel requires waiting at least 3 h after
the end of the top skin. According to our industrial
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partner, all types of foams were well wound because of
their drapeability, and even the standard PET foam
took the curved shape well.
It should be noted that PET foams (Gridded Type)
and PP Honeycomb foams have a particular asset. As
shown in Figure 2, grid sawn cores are often used for
production of curved sandwich structures. The width of
the sawed cuts is 1.5mm for both materials. A thin net
made of glass ﬁber is glued to the underside of the core.
The nets function is to keep the blocks in place.
To continue with, the standard type of PET foams
has many advantages as a sandwich core material.
Compared to other candidate materials, it is easier to
recycle, extremely resistant to variations in tempera-
ture, in addition to having excellent fatigue properties.
Figure 3 presents a comparison of some mechanical
characteristics of the various materials mentioned
below, using a scale ranging from 1 to 6 in terms of
shear, compressive and tensile relative strengths (MPa).
In order to carry out the manufacture of the sand-
wich structures by ﬁlament winding, a new process has
been designed which mainly concerns thermoformable
standard PET cores. As shown in Figure 4, the foam
block is shaped by heating the material to its softening
point and forcing it against the surface of a male or
female mold. It takes shape easily since it is a pure
thermoplastic material with closed cells. It can be
adapted even to double curved surfaces for diﬀerent
thicknesses. This solution seems to be relevant for use
in ﬁlament winding; however, it requires an important
and very speciﬁc tooling.
Table 1. Description of different types of manufactured sandwich materials.
Specimen type with:
PET foam Gridded
Type
PET foam Standard
Type
PU foam with 3D glass
bridges PP Honeycomb core
Description A rigid PET foam (polyethylene terephthalate) with
different densities (70, 100, 150 and 200 kg/m3),
pre-cut as square grids (Grid) or Standard
(Ability to thermoform and easy to drape). This
solution also allows the manufacture of curved
shapes. It is compatible with all resins and
existing production methods.
A hybrid material
which has a PU
foam based on a 3D
structure of glass
fibers stitched
transversely to
obtain optimized
mechanical
properties.
A polypropylene
honeycomb used as
a core for sandwich
structural applica-
tions. It has been
specially designed to
facilitate the realiza-
tion of curved parts.
Real structure
Figure 1. Manufacturing of sandwich structures using filament winding process. (a) Lower skin and (b) upper skin.
Figure 2. PET foams with grids for curved structures.
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Since the sandwich structure is used most often for
its lightness, an important characteristic is the mass per
unit area. Given the thickness of each facing ‘‘ep’’ and
the total thickness of the structure ‘‘h’’, this mass can be
written as follows
ms ¼ 2epp þ h 2ep
 
a ð1Þ
with ‘‘p’’ and ‘‘a’’, respectively, the density of the
materials constituting the facing and the core. The
relative thickness of the structure is deﬁned as
‘‘h/d’’, where ‘‘d’’ is a characteristic dimension of
the test (Figure 5). This form relation is a very
important one because it typically controls the
choice of the predominant mode of deformation,
whether in rigidity or resistance.
Apparatus
Testing procedure
A ﬁrst batch of curved specimens is fabricated from a
tank to represent the intended real structure. They were
subjected to three- and four-point bending test to deter-
mine their overall stiﬀness and that of the diﬀerent con-
stituents in ﬂexion and transverse shear. These
conﬁgurations have the advantage of making the
appearance of certain zones in pure bending ideal for
the characterization of the predominant damage mode.
After structural studies carried out by the partners of
this project, it was decided that the skins constituting
the structure should have several unidirectional plies of
glass ﬁbers placed in the two directions 0 and 90, with
a total thickness of each skin ep& 4mm. The constitu-
ent core must have a thickness of 25mm to form an
Figure 3. Comparison of the principal mechanical properties of PET, PU and PP sandwich cores (Supplier datasheets).6
Figure 4. Proposed design of the thermoforming process (Standard PET foams).
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overall thickness of the structure equal to 33mm.
It should be recalled that all specimens were manufac-
tured on a cylindrical mandrel with a curvature radius
of 750mm (Figure 1) as recommended by the industrial
speciﬁcation. To begin with, diﬀerent types of sandwich
core with variable densities between 29 and 200 kg/m3
were used and chosen for their drapeability and their
adaptability with our manufacturing method. In
accordance with the standard,17 the length ‘‘L’’ of
tested samples is 400mm for a width ‘‘b’’ of 50mm
(Figure 5).
According to ASTM standards,17–19 each type of
sandwich specimens was cut into required dimensions
and tested for its quasi-static ﬂexural properties by
three and four-point bending test, on a properly cali-
brated testing machine from Zwick-Roell equipped
with a 100 kN force sensor. The test was operated in
a displacement control mode with a constant crosshead
speed of 5mm/min, while the load output was recorded
using a built-in load cell in the testing machine.
The loading pins and the supports had a diameter of
25mm. To enrich our study, we highlight the correl-
ations between acoustic signatures delivered by the
two sensors placed on the specimens during mechanical
testing (Figure 6), and the nature of the damage
observed at the macrostructural scale and eventually
the critical damage thresholds.
AE equipment
The Acoustic Emission software AEwinTM from
MISTRAS GROUP and a real-time data acquisition
system were used for recording AE events. AE meas-
urements are achieved by two piezoelectric sensors with
a frequency range of 100 kHz–1MHz. The surface of
each sensor was covered with grease in order to provide
good acoustic coupling between the specimen and the
sensor. The gain selector of each pre-ampliﬁer was set
to 50 dB (Figure 7). The amplitude of AE signals covers
the range at 0–100 dB.
Figure 8 shows a typical AE signal and the param-
eters commonly used for analysis. These are explained
below:
. Threshold (in dB): the threshold voltage level is gen-
erally set to distinguish signal from noise. An AE
event or a part of it is counted only if the signal
crosses the threshold level.
Figure 6. Sandwich specimen in experimental bending test with acoustic emission sensors (1) and (2).
Figure 5. Schematic illustration of the bending test of sandwich structure with its characteristics.
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. Duration: is the time diﬀerence between the begin-
ning of an event (marked when the signal crosses the
threshold) and the end (marked when it falls below
the threshold).
. Peak amplitude: highest amplitude attained by signal
in an event which covers the range of 0–100 dB.
. Counts: the number of times the signal crosses the
threshold between the peak amplitude and the
threshold.
. Rise time: time taken for signal to reach peak amp-
litude from the time it Erst crossed the threshold.
. Energy: the area under time versus amplitude
squared curve for an event.
. Defect location: when more than one sensor is used,
the AE source can be located and so will be the
defective area. Location is based on the wave
propagation principles within the materials and is
eﬀectuated by measuring the signal’s arrival time
to each sensor.
As shown in Figure 8, numerous parameters are calcu-
lated by the acquisition system for each AE event: amp-
litude, duration, rise time, counts, etc. Only the
amplitude of the signal is measured in real time by
the data acquisition system. All the other parameters
are calculated from the waveforms and they are
dependent on the amplitude threshold. Preliminary to
damage check, the data acquisition system must be
calibrated for each kind of specimens, according to a
pencil lead break procedure (this procedure is explained
in Shindo et al.20). Then, a repeatable acoustic wave is
generated in the specimen by a lead breakage on its
surface. At the same time, velocity and attenuation of
the AE waves are measured. For that, the lead breakage
operation was repeated several times and at diﬀerent
locations between the sensors. After the calibration
step, AE signals are captured during mechanical test-
ing. Signal descriptors such as amplitude, duration, rise
time, counts, and defect location are then calculated by
the AE software.
Results and discussions
Mechanical behavior
The main idea is to establish the mechanical ﬂexural
behavior and discriminate, in real time, the diﬀerent
types of damage and failure in the composite to
understand the involved mechanisms that lead to the
ruin of the structure.21,22 At the beginning of the test
campaign, the response of the Zwick-Roell machine
displacement sensor was compared with response
acquired from LVDT sensor (see Figure 9(a) and (b))
to verify the possibility of using this method of meas-
urement often unreliable in the case of assembly with
low compliance.
As a conclusion from Figure 10, there is a good
correlation with 2% of diﬀerence between slopes of
the two curves, and therefore, the sensor following the
displacement of the machine can be used in the bending
tests of sandwich composites.
To properly compare the bending test results of the
studied sandwich materials, the diﬀerent curves have
been normalized to their peak loads (Figure 11(a) and
(b)). Total deﬂectionW (mm) of all sandwich specimens
is 30mm in the case of three-point bending and 24mm
for the four-point bending. Thus, we observe evolutions
of bending stress–strain relationships for the diﬀerent
types of sandwich structures presented in Table 1. The
specimens were subject to three-point and four-point
bending in order to observe the evolution of the stiﬀ-
ness of each material in accordance with the recommen-
dations of the standards by Mathews and Swanson17
and Kalarikkal et al.23
A summary of the various experimental results for
all types of specimens is presented in Table 2 (failure
load, failure displacement and stiﬀness which is the
slope of the linear part of force-displacement curve).
The typical behavior of the tested specimens having
diﬀerent types of cores was quite similar for the three-
point or four-point test conﬁgurations. To explain this
Figure 8. Common waveform parameters calculated by the
acquisition system for each AE event.
Figure 7. Device of control and characterization of material
damage: Acoustic Emission.
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behavior, each stress–strain curve in Figure 11(a) and
(b) is divided into three main zones. The Erst one rep-
resents the compressive behavior of skin laminate. This
region corresponds to reversible linear behavior and the
initiation of micro-cracking. The Erst part of this zone
allows measuring stiﬀness in both three- and four-point
bending tests. The second zone exhibits the compressive
behavior of core due to the bending of the two skins
and leads to non-linear behavior of stress–strain curve
that is mostly dependent on the characteristics of core.
In this zone, the load increases progressively until
reaching the third zone of the curve which has the
shape of a tray in which the load varies very slightly
until the Enal failure of the specimen. Specimens with
PU and PP foams which have a relative low density
reaches the break after specimens with higher densities
(with standard type of PET foams) while the specimens
with gridded PET foams reach the break earlier than all
other specimens, due to the presence of resin into grids
shown at Figure 2. This will increase the overall
stiﬀness of the structure since the resin forms ‘bridges’
between the two skins and this point is not to be neg-
lected during the ﬁlament winding process.
So, compared to those with gridded PET foam type
with a high presence of resin, the stiﬀness of the speci-
mens with less resin into grids represents a decrease of
29% in three-point bending test, while an important
decrease of 50% was observed in four-pt bending.
The damage initiation begins near areas where there
is a strong presence of resin. Also, the crack of the
material is a consequence of that, as described in
Figure 20.
Theoretical and experimental evaluation of the
flexural response
Flexural stiﬀness and lightweight mass are the main
reasons for the use of sandwich structures. However,
pure bending stiﬀness is often not suﬃcient to quantify
the performance of a structure since this solicitation
never intervenes alone. Behavior in in-plane tension,
out-of-plane compression, or transverse shear must
not be neglected. In this section, we aim to express
the characteristic properties of rigidity of the sandwich
structure as a function of the material properties of the
facings and the core. Two categories of properties are
used depending on the context: the equivalent
properties of the material and the macroscopic speci-
men properties. They are substitutable and easily
deduced from each other considering the thickness of
the structure. The equivalent properties of the material
will tend more easily to the comparison and the
selection of the materials. The properties of the speci-
men are more suitable for structural calculations.
Concerning our current experimental study, the
ASTM test standard D725017 was used. Considering
Figure 9. Equipment used for the acquisition of the comparison results between sensors: (a) LVDT and (b) machine sensor.
Figure 10. Comparison between the machine displacement
sensor and LVDT sensor.
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that equations (2) and (3) form a system of two equa-
tions with two unknown parameters, it is possible to
use the results obtained by the three- and four-point
bending test to solve this system. Thus, the equivalent
rigidities are given below:
The flexural stiffness of the Sandwich structure
(N.mm2) is given by17
D ¼
P1d
3
1 1 23d
2
2=18d
2
1
 
48W1ð1 3P1d1W2=2P2d2W1Þ
ð2Þ
The transverse shear rigidity of the sandwich structure
(N) is given by17
N ¼
P1d1 18d
2
1=23d
2
2  1
 
4W1 27P1d
3
1W2=23P2d
3
2W1
 
 1
ð3Þ
where (for i¼ 1 ‘‘3-pt bending’’ and for i¼ 2 ‘‘4-pt
bending’’) Pi¼ total applied force (N); di¼Support
span length (mm); and Wi¼ beam mid-span deﬂection
corresponding to force Pi (mm).
Figure 11. Quasi-static flexural test results in 3 and 4-point bending: (a) and (b): normalized stress–strain relationship for specimens
described above.
Table 2. Mechanical characteristics obtained in flexural static tests.
(1) (2) (3) (4) (5) (6) (7) (8)
Specimen type with:
Gridded
PET foam
70 (þres)
Gridded
PET foam
70 (-res)
Standard
PET
foam 70
Standard
PET foam
100
Standard
PET foam
150
Standard
PET foam
200
PP
Honeycomb
foam 65
PU foam
29 with 3D
glass bridges
Bending test 3-pt 4-pt 3-pt 4-pt 3-pt 4-pt 3-pt 4-pt 3-pt 4-pt 3-pt 4-pt 3-pt 4-pt 3-pt 4-pt
Failure load (kN) 1.8 3.0 2.5 2.3 3.3 2.2 3.9 3.2 5.7 6.1 7.8 7.6 2.1 2.6 1.2 1.0
Failure displacement
(mm)
5.5 3.0 28.0 22.4 24.8 6.8 15.7 6.4 11.8 10.9 11.0 5.8 29.8 23.2 23.5 19.0
Stiffness (N/mm) 432 945 303 464 388 481 576 765 858 1045 1156 1597 215 349 62 72
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The core shear modulus (MPa) can be deduced by17
G ¼
Nðh 2epÞ
ðh 2epÞ
2b
ð4Þ
where h¼ sandwich thickness (mm); ep¼ facing
thickness (mm); and b¼ sandwich width (mm).
On the other hand, and as explained at the beginning
of this article, the theory of sandwich plates makes it
possible to connect the characteristics of the constitu-
ents with the ﬂexural rigidity. According to Lhuissier
and Laszczyk,24 we can determine the ﬂexural stiﬀness
D and the transverse shear stiﬀness N of ﬂat sandwich
structures, while the shear modulus Ga is given by the
technical datasheets of the studied foams. Analytically,
the transverse shear stiﬀness (N) can be written as
N ¼
bh2Ga
ea
 bhGa ð5Þ
where ea¼ core thickness¼ h 2ep (mm).
The Erst-order shear theory has been used to predict
the Fexural response of the sandwich structures assum-
ing elastic linear response of all the constituents as well
as full coupling constraints between the skin and
the core. Using the measured elastic properties of
each tested material, the expected failure mode could
be speciEed as follow25–28: compressive/tensile failure of
the skin, shear failure of the core and compressive/ ten-
sile failure of the core.
The in-plane failure (tension/compression) of the
skin occurs when the applied load reached the ultimate
strength of the skin material.29 It is expected that the
failure of the sandwich structures will occur due to
compressive failure of the top skin since the skins
have higher tensile strength than the compressive
strength. The failure of the sandwich specimen due to
compressive failure of the skin is calculated by equating
the moments within the sandwich specimen to the
applied external bending moment. This gives a
relation30
p ¼
Mh
2EI
Ep ð6Þ
where p (MPa) is the bending strength, M is the
moment about the neutral axis, E is the tensile facing
modulus, Ep is the compressive modulus of elasticity of
the skins and I is the second moment of area about the
neutral axis. So, the peak strength Pp (N) for this failure
mode to occur can be predicted by equation (7).
Pp ¼
12EIp
dEph
ð7Þ
where EI is the Fexural stiﬀness of the entire sandwich.
This ﬂexural stiﬀness can be obtained also using the
sum of the Fexural stiﬀness of the constituent parts
about the centroidal axis of the composite sandwich
section. The bending stiﬀness, EI (N.mm2) is calculated
using equation (8).
D ¼ EI ¼
be3p
6
Ep þ
beph
2
2
Ep þ
be3a
12
Ea ð8Þ
where Ea is the modulus of elasticity of the core.
The ultimate shear strength of the sandwich struc-
ture could be estimated since the shear stress is max-
imum at the centroidal axis and zero at the top and
bottom surfaces. The shear stress  (MPa) in a specimen
can be determined using this relation31
 ¼
VQ
Ib
ð9Þ
where V is the transverse shear force at the considered
section of the specimen and Q is the Erst moment of
area (section above area of interest). If there is experi-
mentally a shear break of the core or of the core-skin
bond under a maximum reached load P, the shear
strength  (MPa) can be calculated by
 ¼
P
hþ eað Þb
ð10Þ
Therefore, the peak load, Pa (N), for this kind of
failure could be expressed by equation (11).
Pa ¼
2aEI
Ep
eph
2
þ Ea
e2a
8
  ð11Þ
where a is the shear strength of the core material.
It is noteworthy that the ratio of the core/skin elastic
modulus is much higher than the ratio of the core/skin
shear modulus. Therefore, the transformed area of the
sandwich cross section into an equivalent skin will be
bigger than the transformed area using the ratio of the
shear modulus. Thus, using the shear moduli ratio
might better predict the shear capacity of the composite
sandwich panels. The peak strength Pap (N) for com-
posite sandwich structures is predicted using equation
(12). In this equation, GI is calculated similarly as
equation (8) with the modulus of elasticity of the skin
and the core replaced with its corresponding shear
modulus.
Pap ¼
2aGI
Gp
eph
2
þ Ga
e2a
8
  ð12Þ
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where Gp and Ga are the shear modulus of the skin and
the core, respectively.
The core material will fail if the normal stress in
tension and/or compression exceeds the ultimate
strength. The peak strength Pas (N) for this failure
mode can be predicted by equations (13) and (14).
Pas ¼
12EIat
dEaea
ð13Þ
Pas ¼
12EIac
dEaea
ð14Þ
where at at and ac are the maximum tensile and com-
pressive strength of the core, respectively.
The classical shear theory32 was used to determine
the load–deFection behavior of the composite sandwich
structures, in which the total deFection is the sum of the
bending and shear deFections. The relatively low shear
stiﬀness of the core compared to that of the skin results
in a signiEcant shear deformation that should be
accounted for in the total deFection of sandwich struc-
tures.33 Thus, the total deFection of the composite
sandwich panels can be written as
wtotal ¼ wb þ ws ð15Þ
where wtotal, wb and ws denote the total deFection,
deFection due to bending and shear, respectively.
For a simply supported beam under four-point static
bending with an applied load P and shear span a, the
deFection at the mid-span of the beam due to unit and
actual bending moments can be calculated by integrat-
ing the deFection from the support to the loading point
(0<x< a) and from the loading point to the mid-span
(a<x< d/2). This relation can be written as
wb ¼ 2
Z a
0
Md
EI
x
a
 

x
2
 
dxþ
Z d=2
a
Md
EI
 

x
2
 
dx
 	
ð16Þ
Simplifying equation (16) leads to equation (17)
wb ¼
Md
EI
  Z a
0
x2
a
 
dxþ
Z L
2
a
xdx
" #
ð17Þ
By resolving this equation, it becomes
wb ¼
23Pd3
1296EI
ð18Þ
For a simply supported beam, the shear displace-
ment diagram is the same as the bending moment dia-
gram, with a factor k/AG applied to it, with AG often
referred to as the shear stiﬀness of the sandwich
beams34 and k is the shear correction factor.32 The
maximum bending moment occurs at the mid-span of
the beam. Consequently, the shear deformation at this
location can be calculated as
ws ¼
k
2GA
Pxj ja0 ð19Þ
For the specimen, a¼ d/3 while the shear correction
factor k¼ 1.0 is assumed in the analysis. The total
deFection at the mid-span for the specimen can then
be obtained by combining the equations (18) and (19).
This results in equation (20)
wtotal ¼
23Pd3
1296EI
þ
Pd
6GA
ð20Þ
The maximum elastic stress for each sandwich struc-
ture is given experimentally by the last value of the
linear part of each curve, just before the beginning of
initial damage. The experimental values corresponding
to the detected elastic limit were then introduced into
the numerical model and the value of the corresponding
stress was deduced, taking into account the geometrical
characteristics (curved form) of our test specimens.
In parallel, another numerical model was also made
with a plane structure in order to be able to compare
the results of the two conﬁgurations and to deduce
thereafter the eﬀect of the curvature of the structures
on the mechanical behavior of the studied sandwiches
and to highlight the originality of the study carried out
in this article. A comparison in terms of relative per-
centage has been incorporated into the curves to give
relative and quantitative results.
For all types of materials, except structures
with PET 70 Gridded foam, there is a good correlation
(1–3%) between the experimental and the numerical
results relative to the maximum stress that corresponds
to the maximum elastic load (Figure 12) and the ﬂex-
ural modulus (Figure 13) for each specimen. The results
of the four-point bending tests properly show the ﬂex-
ural rigidity due to the conﬁguration of the supports.
In this way and by modeling the curved structure, there
is a diﬀerence of 1.5% in average between the numer-
ical and experimental values and a signiﬁcant diﬀerence
between the curved numerical model and the ﬂat model,
which is 8% on average. This initial stiﬀness diﬀer-
ence could be reduced by using longer beams to reduce
this eﬀect, making it possible to increase the distance
between supports to more than 20 times the thickness
of the specimen in order to minimize the contribution
of the specimen shape in relationship with the ﬂexural
stiﬀness. Therefore, having curved specimens will
improve some mechanical characteristics of the struc-
ture with particularly a very important role of the resi-
dual stresses induced during the manufacturing process.
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The diﬀerence observed for both ﬂexural stress and
ﬂexural elastic modulus for the two cases of structures
with PET Gridded foam is explained by the fact that in
the numerical models the resin content was 100% for
the case of (þRes) and 0% in the grids for (Res). In
reality, the estimated resin level is between 15% and
35% depending mainly on the method of winding of
the gridded cores and the laying of the ﬁbers already
containing the resin, thus penetrating partially between
the blocks forming the curved whole structure
(Figure 14).
According to the standard by Kalarikkal et al.23
which relates to ﬂat composite plates, it is possible to
determine the ﬂexural elastic modulus Ef expressed in
MPa, using equation (21)
Ef ¼
0, 21d3
bh3
load
deflection
 
ð21Þ
The ﬂat plate theory seems to underestimate the ﬂex-
ural modulus of the sandwich structures with an aver-
age diﬀerence of 12% compared to the experimental
Figure 13. Flexural modulus for each studied structure.
Figure 12. Maximum elastic stress for each studied structure.
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results, as shown in Figure 13. In fact, this module
increases with the relative density of the constituent
cores since the overall stiﬀness of the structure also
increases as a function of this material characteristic.
The comparisons of the stiﬀness calculations
obtained for each type of sandwich material, as well
as the analytical estimates and the numerical predic-
tions in ﬂexural tests, are given in Figures 15 and 16.
So based on the results presented in the graphs below,
we note that specimens with gridded PET foam type
that include a high level of resin into grids show a
high bending stiﬀness compared to other types that
have the same foam density of 70 kg/m3 into structure.
This conﬁrms that the importance of the presence of
resin is not to be neglected; on the other hand, it has
disadvantages such as the addition of the mass to the
structure and therefore the overall weight of the tank.
We also have a greater stiﬀness with a relative increased
density for sandwich standard types without grids.
Indeed, for this type of foam, the diﬀerence in bending
stiﬀness regarding the structures with a standard core is
70% between those of 70 kg/m3 and 200 kg/m3. Also for
the transverse shear stiﬀness, there is almost 65% of
diﬀerence which is very signiﬁcant. The importance of
the density of the constituent foam for the same struc-
tural thickness is thus considered. It is worth noticing
that the equations presented earlier have been estab-
lished within the context of plane plates, which is not
the case here. This conﬁrms that the curvature also
plays a fundamental role in the discrepancies observed
Figure 15. Normalized bending stiffness of studied sandwich structures with various densities.
Figure 14. Sample view of a sandwich specimens with PET foam 70: (a) with more open grids (þ Res) and (b) with more closed grids
(Res).
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in responses and the behaviors of the studied structures,
as we can see in Figures 15 and 16. It has a structural
eﬀect as expected. The diﬀerent characteristic rigidities
deduced from these results are very similar to those
corresponding to the numerical modeling of each stu-
died curved structure with an error valued between 2%
and 5%. These diﬀerences can be explained by: i) the
local variations of the densities in each type of sand-
wich core, as well as by a possible stiﬀening of the foam
due to the absorption of resin during the fabrication of
the sandwiches by ﬁlament winding. ii) the parameters
of the boundary conditions for the numerical model
and iii) the mechanical properties of the diﬀerent com-
ponents, which can slightly change from one sample to
another depending on the ﬁber ratio after winding, etc.
For sandwich structures with PU and PP foams,
there is a large diﬀerence compared with other sand-
wiches, especially those with a core of 200 kg/m3, due to
the low compressive strength of these types of cores.
Moreover, it should be noted that they have a major
advantage which is the drape-ability and taking the
curved shape with more ﬂexibility.
To conclude, the failure load of the sandwich struc-
ture under ﬂexural load depends mainly on the speci-
men geometry and the mechanical properties of the
constituents. Among the most important properties of
a core which constitute a real criterion of choice, are its
shear resistance and its ﬂexural modulus. Furthermore,
especially when thin skins are used, the core must be
able to support the compressive loading without
premature failure, in order to avoid buckling damage
of the skins following their wrinkling initiation.
Predicted results and discussion
The results of the theoretical prediction and numerical
simulations of the Fexural behavior of the composite
sandwich specimens and comparison with the experi-
mental results are discussed in the following section.
The normalized stress–strain curves, presented
previously in Figure 11(a) and (b), show ﬁrstly a
quasi-linear behavior of the specimens up to signiﬁ-
cantly high loads, then a nonlinear behavior up to a
maximum load due to initial structural damages occur-
ring roughly. Primarily, the core reaches its elastic limit
when the shear load increases. This maximum shear
load is signiﬁcantly lower for bending tests with four-
point loading conﬁguration having a certain load span
length (distance between the upper load supports).
The reason for this ﬁnding is that, for this type of
test, the rigidity of sandwich materials is aﬀected by
the sharp decrease in shear eﬀort. So, for every studied
sandwich material, the limit of the elastic behavior is
reached essentially when the foam reaches its elastic
shear limit. Under these conditions, the materials will
be solicited by transverse shear stresses. We observed
common cases of shear failure of the core or delamin-
ation of core/skin interfaces. The variability of density
of the core constituent regarding PET standard struc-
tures leads to the modiﬁcation of the elastic limit and
Figure 16. Normalized transverse shear stiffness of studied sandwich structures with various densities.
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the relative stiﬀness of sandwich materials. In fact, for
some core materials, the core shear modulus is a func-
tion of the direction that the core is oriented relative to
the length of the specimen. Final cracking was observed
on the skin in contact with the supports which drive the
load, as shown in Figure 17. It is mainly its resistance to
compression which is the most important factor after
rupture of the core. Speciﬁc geometric factors that
aﬀect sandwich facing stiﬀness and thereby the sand-
wich ﬂexural stiﬀness include facing thickness, core cell
geometry, and facing surface ﬂatness (toolside or bag-
side surface in compression).
Then, a comparative study between the experimental
and numerical results has been carried out, taking into
account the various important parameters of the geom-
etry of the material and the associated mechanical char-
acteristics of the data sheets. It can be seen from the
table below that the damage modes are predicted in the
associated numerical models depending strongly on the
type of test and the nature of the material being studied.
Figure 18 shows the numerical model used to simulate
the three- and four-point static bending tests of the
composite sandwich. The loading and the support con-
ditions in specimens are simulated in the ﬁnite element
analysis by line loads. For reasons of simpliﬁcation of
the model, the structure is assumed to be a rigid body
between steel rollers, curved foam and the two skins
(Figure 18). When simple rollers simulate the loading
and the support conditions, the stress and displace-
ments ﬁelds near the region of the applied load are
not aﬀected in case that a static ﬁnite element analysis
is applied to the sandwich beam without considering
contact analysis.35 On the other hand, contact analysis
must be applied between the cylinders and the sandwich
beam, which is out of the scope of this study. As shown
in Figure 18(a), the displacement is applied to lines
belonging to the partitioned faces and therefore no con-
tact technique is used to further simplify the model.
Another point that has been checked is the mesh size.
In fact, the variation of this parameter has little eﬀect
on the numerical results because of the linear displace-
ment that has been imposed in the model and the
simplicity of the geometry which allowed a rapid com-
putational time.
Based on numerical simulations, the principle
mechanisms of failure initiation into specimens under
three-point and four-point bending tests are shown in
Figure 19. They were studied numerically based on
experimental results. The FE analysis results, which
concerns just the elastic linear behavior, showed a
good agreement with the elastic experimental results.
Using the maximum deﬂection value as an input in
Figure 19. Most observed damage failures in sandwich struc-
tures under applied bending load. (a) Tension/compression
strains on the skins; (b) damage shear cracking into sandwich
cores.
Figure 18. The 3D geometric model with its boundary condi-
tions (a) and mesh size (b) used into the numerical analysis of the
flexural test.
Figure 17. Localized cracking on the upper skin.
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the model, which corresponds to the maximum critical
constraint limit obtained experimentally (point from
which either the skin or the core begin to fail), the FE
analysis was successful in prediction of the maximum
elastic constraints for all studied structures with the
corresponding localization into each specimen. In
fact, the shear failure of the diﬀerent constituent cores
in the constant shear force region occurred at diﬀerent
loads (Table 3) depending on mechanical properties of
each studied core material (Figure 19(a) and (b)), asso-
ciated with a skin–core debonding where the maximum
traction damage initiation is reached. It was demon-
strated in Table 4 that the foam core failed before the
skin as noticed in the experimental tests. Also, to con-
ﬁrm this ascertainment, the compressive stress (S22) of
the skin has been monitored up to the maximum elastic
limit. It has been observed that the compressive stress
does not reach the critical value at the top skin
(Table 4) which means that the skin still sustains com-
pressive load while the core is already failed
(Figure 19(e) to (f)). Moreover, the longitudinal strain
(LE11) concerning each core material shows a minor
value compared to the ultimate tensile strain obtained
from materials’ datasheets, which indicates that the ten-
sile failure of the core does not occur (Figure 19(c) and
(d)). It should be noted likewise that there is some vari-
ability in sandwich specimens cracking, and that the
arithmetic mean of each result was used as a reference.
To summarize, the diﬀerent failure initiation modes
that were observed experimentally are mainly caused by
Table 4. Experimental and numerical characteristics of each foam and corresponding skins of sandwiches under flexural bending.
Specimen type with:
Shear strength of
the core (MPa)
Longitudinal strain
of the core (%)
Compressive strength
of the skin (MPa)
Technical
datasheet
Experimental
resulta
Numerical
result
Technical
datasheet
Numerical
result
Laminate
theory
Numerical
result
Gridded PET foam 70 (þ Res) 0.50 0.76 0.95 15% 0.4% 376 90
Gridded PET foam 70 ( Res) 0.50 0.71 0.61 15% 0.9% 376 312
Standard PET foam 70 0.50 0.72 0.64 15% 1.2% 376 327
Standard PET foam 100 0.75 0.90 0.80 10% 0.9% 376 288
Standard PET foam 150 1.40 1.70 1.66 7% 0.7% 376 352
Standard PET foam 200 1.80 2.24 2.17 5% 0.6% 376 353
PP Honeycomb foam 65 0.40 0.63 0.60 20% 1.1% 376 221
PU foam 29 with 3D
glass bridges
0.30 0.40 0.37 35% 1.5% 376 195
aCalculated using equation (10).
Table 3. Experimental and predicted maximum elastic load of the composite sandwich structures under flexural bending.
Specimen type with:
Experimental
failure load (kN)
Theoretical failure load (kN)
Shear failure of
the corea
Shear failure of
the coreb
Compressive failure
of the skinc
Gridded PET foam 70 (þ Res) 2605 2500 2495 4354
Gridded PET foam 70 (- Res) 2458 2349 2345 3971
Standard PET foam 70 2590 2385 2381 3754
Standard PET foam 100 3317 2984 2976 4611
Standard PET foam 150 6128 5608 5574 8403
Standard PET foam 200 7,801 7,390 7,335 10,432
PP Honeycomb foam 65 2,333 2,093 2,090 3,491
PU foam 29 with 3D glass bridges 1,424 1,330 1,328 1,359
aCalculated using equation (11).
bCalculated using equation (12).
cCalculated using equation (7).
Haddad et al. 905
the densities variability of the studied cores and by the
bending conﬁguration (three or four-point bending).
Indeed, it is primarily the constituent core that is
loaded in shear, from where we observe the appearance
of the initial shear failure mode. For most test cases, the
structure is loaded in both tension/compression of the
upper and lower skins as described in Figure 20(a), and
shear of the core that causes a random structure break
(Figure 20(b)) in terms of damage location. In some
cases, there has been a break of the core–skin interface
which shows that this element must be optimized
during the ﬁlament winding process, by increasing the
polymerization time and the applied tension on the
ﬁbers during fabrication.
The prediction equations in the Theoretical and
experimental evaluation of the ﬂexural response section
were used to determine the maximum load and the gov-
erning initial failure for the composite sandwich struc-
tures. The dominant initial failure mode was predicted
to be core shear (Figure 20(b)). The estimated max-
imum load due to core shear failure and compressive
failure of the skin was also calculated. Table 3 shows
the theoretical failure load and the maximum load of
the sandwich specimens based on experimental investi-
gations. The theoretical load of shear failure predicted
using equations (11) and (12) is between 4% and 12%
lower than the actual failure initiation load. These
results further show that the curved structures can
Figure 20. Principle mechanisms of failure initiation into specimens under bending tests based on numerical simulations: (a, b) in-
plane shear stress (S12), (c, d) longitudinal strain (L11) and (e, f) compressive stress (S22).
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better resist to bending stresses due to their geometry,
and that the associated core shear failure load cannot
be predicted by using the theoretical analysis, generally
used for ﬂat structures. The diﬀerence between the pre-
dicted and the actual failure load could be due also to
the combined eﬀect of the Fexural stresses on the sand-
wich specimens resulting in a slightly higher failure load
and the constituent materials non-linearity as well. In
general, it has been demonstrated that the failure load
of the composite sandwich structures can be reasonably
predicted using the mechanical properties of each con-
stituent material established from coupon tests.
Similarly, the results indicated that the failure mode
of the composite sandwich specimens tested in this
study depends largely on the shear strength of the
foam core and compressive strength of the composite
skins.
Using the materials linear behavior determined from
the coupon tests, the FE model has provided results in
good agreement with the experiments. On the contrary,
the theoretical result underestimated the failure initi-
ation load with a good match on the experimental
curve only in the initial slope. However, when increas-
ing the applied load up to failure, a high divergence
between the experimental and theoretical response
was observed which attributed to the assumption of
linear elastic behavior of the constituent materials
that does not agree with their actual responses. In
order of that, another analytical approach using the
actual experimental stress–strain curves of all materials
will be considered in the future publications to over-
come the accuracy issue.
It was observed that three distinct damage events
have taken place, respectively, before the ﬁnal specimen
failure which is facing break. Damage event-1 was the
crack initiation and propagation on the compression
side just below the top face sheet–core interface. It
was noticed that this delamination crack was never at
the core–skin interface but about 1–1.5mm below the
interface. After several examinations, it was revealed
that the resin penetrated/soaked into the core material
by this depth as illustrated in Figure 21. It was observed
that the crack always initiated at the sub-interface cre-
ated by the resin-soaked, and the dry cells below the
actual core–skin interface. This crack runs parallel to
the beam axis from the point of initiation towards the
end support, as shown in Figure 22. Damage event-1
occupied about 55% of whole test time.
Damage event-2 was the core shear initiation. The
propagated crack in event-1 kinks at a certain distance
depending on the load level, and shears through the
core thickness, as shown in Figure 23. The crack
reaches the bottom skin–core interface at the end of
this event. Damage event-3 is the continuation of the
previous event. As shown in Figure 24, it follows the
core shear and consists of delamination at bottom face/
core interface causing the separation of the core from
the face-sheet. As the core shear propagates at a faster
rate, the energy at the crack tip is suﬃciently high to
crisscross through the sub-interface and it reaches
the much stiGer face sheet where it gets deFected
along the core–skin interface. This is the reason why
the delamination during damage event-3 is not at the
sub-interface, rather it is along the core–skin interface.
Figure 21. Illustration of the resin uptake in a PET foam core.
Figure 22. Damage event 1.
Figure 23. Damage event 2.
Figure 24. Damage event 3.
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The ﬁnal damage event is also a rapid event and
occupies the remaining 7–8% of test time before ﬁnal
big crack. Finally, the specimen ultimately fails after
this event and it is only the skins that must totally
resist to loading until their damage initiation. The prin-
ciple failure mechanisms of all specimens are shown in
Figure 19. All damage events 1, 2 and 3 are predicted
numerically. It can be observed that the crack in
damage event-1 initiates at the sub-interface whereas
for damage events-3, the delamination takes place at
the face–core interface separating the core from the
face-sheet (Figure 25).
Damage mechanisms identification by AE data
processing
With Acoustic Emission, you can ‘‘listen’’ to the sounds
of cracks growing, ﬁbers breaking, and many other
modes of active damage in stressed materials. In
general, the AE technique was used to discriminate
the diﬀerent damage mechanisms from the detected
AE signals in composite materials. A study of the
main parameters extracted from AE signals is increas-
ingly used to separate and identify the sources of dif-
ferent mechanisms. In this context, many studies36,37
were conducted on composite materials. The damage
mechanisms of sandwich materials which are very com-
plex composite materials (two skins and core) are less
investigated. Moreover, there are a few studies on the
non-destructive evaluation of sandwich materials by
AE technique. For example, Quispitupa et al.38,39 inves-
tigated the damage modes in sandwich composites
subjected to static loading.
In relation with our approach, a detailed study was
carried out on skins laminates and sandwich specimens
with PET, PU and PP foams using an AE real-time
monitoring system in terms of amplitude and counts,
especially when the mechanical behavior of the
structure varies nonlinearly, and by linear location
determination modes to detect longitudinally the
damage in each tested specimen. In addition, the acous-
tic emission analysis allows us to understand the con-
tribution of diﬀerent types of damage to the non-linear
behavior.
Amplitude and cumulative counts. The acoustic emission
data was analyzed using two temporal parameters of
the acoustic signals: amplitude and cumulative
number of counts. After multiple initial trials, these
parameters have proved to allow a good repeatability
of the data processing, as illustrated in Figure 8. In this
way, monitoring the amplitude of the acoustic emission
signals collected at each step of damage gave the results
presented hereafter. The corresponding value of force
of the initial observed damage is associated with an
important decrease of this force. This concept is
better understood by the exploitation of acoustic
emission results that shows an initial cumulative
number of hits detected before the decrease of the
force, in four-point bending (Figure 26(a) to (t)).
Compared to non-destructive testing of sandwich struc-
tures in mechanical tests, the ﬁgures shown above
clearly illustrate that an acoustic activity starts well
before a sudden important decrease of the elastic
force limit indicating a major damage.
More localized damage begins and progresses during
loading to a level of instability that causes the sudden
crack of the foam. Through the load–amplitude plots as
a function of the test time for each step of damage
exposed in Figure 26, we usually notice the existence
of two distinct groups of acoustic emission signals with
amplitudes varying between 50–60 dB (group A in light
green color) and 90–100 dB (group B in purple color).
So, based on the results found in the literature,40 the
high amplitude signals correspond to ﬁber failure in the
skin and/or local sandwich break in the foam, while
those of low amplitudes are from diﬀerent failures in
the polymer matrix and ﬁber/matrix debonding in the
skin. Especially for sandwiches with PET standard and
gridded foams, it is noted during the tests that it always
has the presence of the break mode in compression of
the core comprising inter-laminar shear stress. In this
case, the length of delamination was very great. This
mode is illustrated mainly by the sudden increase in the
curve slope of the cumulative number of hits. This is
accompanied by the appearance of the amplitude ratio
of more than 90 dB, colored in light purple on the cor-
responding curves. In the other hand, materials with PP
NIDA and PU cores are characterized by a quasi-linear
increase in amplitudes and cumulative number of hits,
due to the nature of the constituent materials, which
have mainly undergone a break mode by a successive
compression of the layers. For the composite material
constituting the skins, a strong acoustic activity is
detected in the tests because of the matrix–ﬁber inter-
action break in the material as well as the tensile rup-
ture of the ﬁbers of the lower face of the specimen as
well as the compression of the upper face. Therefore,
the study of AE signals collected during tests made it
possible to identify four damage mechanisms: the core
damage followed by resin cracking, interfacial debond-
ing and Ebers breaking.
Figure 25. Typical final break on sandwiches with PET foams.
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Figure 26. 4-point bending study of sandwich structures by acoustic emission – amplitudes.
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Figure 26. Continued.
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AE ﬁgures represent dynamic, transient data that is
updated continuously throughout the duration of the
test. Care must be exercised in interpreting AE graph-
ical presentations. What is signiﬁcant is the cumulative
AE activity during various time intervals as it forms the
basis for life prediction modeling. Data shown in
Figure 26 (Amplitude vs Time) provides an overall
AE statistics during the time; for example, concerning
PET standard or gridded foam types with diﬀerent den-
sities, we can see that the core damage activity occurred
70% of the time, whereas ﬁber breakage consumed only
about 1–3% of the typical static testing time. The load
increased linearly with time then a slight decrease in
stiﬀness was observed due to the initiation of shear
cracking of the core and the foam non-linear response
as well. This point is conﬁrmed by the increase of the
cumulative number of hits that changes suddenly when
an internal cracking is occurred inside the specimen.
The sandwich then failed when the shear cracks propa-
gate diagonally and extend to separate the skin from
the core at the interfacial surface. The correlation
between the experimental tests and the AE monitoring
is veriﬁed by visual observation and captured videos.
Concerning the determination of the damage initi-
ation, the noticeable increase in the amplitude value
observed on all the curves at the beginning of the initial
Figure 26. Continued.
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linear part allows the veriﬁcation of the beginning of
the internal damage which generally occurs just at the
end of the linearity. The increase in the number of hits
also shows that there is an acoustic activity from the
beginning of the bending test and that is correlated with
the amplitude analysis and the visual observation of the
tests. Especially for sandwich structures with PP Nida
and PU cores, the graphs (n) and (p) in Figure 26 show
a high activity of acoustic events from the beginning.
This is due to the strong presence of the resin in the
characteristic spacing into the PP Nida cores, and the
innovative geometry of PU core with 3D glass bridges
which contain the resin to reinforce the structure by
connecting the two constituent facings.
Location events. In acoustic emission, the time of signals’
arrival at each sensor is a function of the source loca-
tion and the propagation speed of the acoustic waves.
One of the commonly used computed-source location
techniques is the linear location principle shown in
Figure 27. When the source is located at the midpoint,
the time of arrival diﬀerence for the wave at the two
sensors is zero. If the source is closer to one of the
sensors, a diﬀerence in arrival times is measured. To
calculate the distance of the source location from the
midpoint, the arrival time is multiplied by the wave
velocity. Whether the location lies to the right or left
of the midpoint is determined by which sensor ﬁrst rec-
ords the hit. This is a linear relationship and applies to
any event sources between the sensors. Because the
above scenario implicitly assumes that the source is
on a line passing through the two sensors, it is only
valid for a linear problem.
The location events issued from the acoustic emis-
sion signals, collected at each step of damage, gave the
results presented hereafter (Figure 28(a) to (j)). These
results conﬁrm the previous analysis with numerical
approach for damage localization. For sandwich struc-
tures with PET foams, whether the type is gridded or
standard, the diﬀerent observed failure modes are:
A. The local buckling of the upper skin that is observed
for the three-point bending tests in most cases.
B. This local buckling is sometimes replaced by a shear
failure of ﬁbers in the upper skin that spreads by
delamination between the skin and the foam.
C. For the three and four-point bending, we observe
mainly a shear failure into the two types of PET
foams propagating after a catastrophic delamin-
ation that occurs between the constituents of sand-
wich structure (skin–core interface).
For specimens with PP Nida and PU cores, a
compressive behavior was observed throughout each
type of core with a quasi-linear behavior. At the end,
the two skins are tightened one against the other since
the core material is completely crushed. However, the
inﬂuence of the presence of the resin into gridded PET
foams with a density of 70 kg/m3 (Figure 28(a)) can be
noticed. This made the acoustic activity to increase due
to the progressive rupture of the resin during the quasi-
static bending test, which is also explained by the
presence of the grids and therefore the geometric dis-
continuity in the structural sandwich material. When
these grids are less open as shown in Figure 28(b), we
notice that the acoustic activity has decreased and the
rupture has become more localized compared to the
other case where the grids were more open, and there-
fore we had more resin absorption and a quasi-random
fracture.
The sudden break occurs as a function of the density
of the core in the studied sandwich structure. In fact,
for sandwiches with standard PET foams ranging from
70 to 200 kg/m3, the damage became more localized
when the density increased due to having more closed
cells and therefore a more solid material. For
sandwiches with Nida PP foams and sandwiches with
PU foams, damage is visible throughout the whole
structure almost equally as well as for laminate com-
posites of diﬀerent thicknesses. This is due to the
rigidity of the studied material and its several constitu-
ents which disperse the energy throughout the
specimen.
According to AE analysis and results (such as
Figure 26 and source location in Figure 28), damage
was classiﬁed in various constituents of the sandwich
composite as a function of AE amplitude, presented in
Table 5. The level of AE amplitude was found inde-
pendent of the specimen geometry or loading type for
the sandwich composite used. To conﬁrm AE damage
Figure 27. Linear location technique by acoustic emission.
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Figure 28. Four-point bending study of sandwich structures by acoustic emission – location events.
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classiﬁcation results, various preliminary tests were ter-
minated at certain AE amplitude and energy levels, and
specimens were carefully removed, dissected and ana-
lyzed to conﬁrm AE sequence of failure given in
Table 5. The classiﬁcation agreed well with the
sequence reported in the literature, however, not neces-
sarily with the amplitude or energy cutoﬀs, as AE par-
ameters are quite sensitive to the material type.13,38,40
A high level of AE activity related to distinct crack
initiation sites in the core and the interface near sup-
ports during the initial stages of the test was observed
probably due to energy dispersion as a result of mul-
tiple crack initiation and propagation sites. Both open-
ing and shearing modes were observed; however,
sudden failure consistently occurred under the second
mode (shearing). Substantial crack growth activity was
observed in shearing rupture that propagated near the
interface between the face-sheets and the core which led
to weakening of the two-phase action and subsequent
cracking of the face-sheets (Table 5). Somewhat similar
failure sequence has been reported in the litera-
ture21,22,27,28 for ﬂexural tests on ﬂat sandwich compos-
ites; however, unlike the reported results, signiﬁcant
ﬁber rupture never took place until sudden failure in
the current study, as evidenced by AE analysis.
Figure 28. Continued.
Table 5. Sequence of failure in sandwich composites with cor-
responding amplitude.
Failure mode AE amplitude (dB)
Interface failure 50–69
Core damage 70–79
Resin cracking 80–89
Fiber rupture Above 90
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AE activity tended to be high as the stress levels were
enhanced. However, almost independent of the stress
levels, AE analysis consistently indicated core crushing
(localized within a 5mm radial zone near the point of
application of the load), core tearing and core shear
failure near the interface with the face-sheets.
Conclusion
This paper deals with a complete mechanical character-
ization of PET, PU, PP foams/glass ﬁber composite
sandwich structures by means of an extended theoret-
ical, experimental and numerical analysis. Basically, the
mechanical behavior of these structures was
investigated under three- and four-point bending tests
in conjunction with the Acoustic Emission technique
(AE). The overall performance of sandwich structures
depends clearly on the material properties of the
constituents (facings, adhesive and core), geometric
dimensions and type of loading. Sandwich beams
under general bending, shear and in-plane loading dis-
play various failure modes. Failure modes and their
initiation can be predicted by conducting a thorough
stress analysis and applying appropriate failure criteria
in the critical regions of the beam including three-
dimensional eﬀects. This analysis is diﬃcult because
of the nonlinear and inelastic behavior of the constitu-
ent materials and the complex interactions of failure
modes. For this reason, properly designed and carefully
conducted experiments are important in elucidating the
physical phenomena and helping the analysis. It must
be emphasized that the key contribution of this paper is
to distinguish the sandwich core having a good com-
promise concerning its mechanical behavior and which
will subsequently be used in the manufacture of the
ﬁnal product that meets the needs of the industrial part-
ners. A study of the main performance of the sandwich
composites under investigation was depicted by
considering multiple variables such as the material
properties of the constituents, geometry and loading
condition. The following conclusions could be drawn
from the study. The experimental stress–strain curves
showed an initial linear elastic behavior with a decrease
in the slope prior to fracture. The specimens with PET
foams with several densities failed due to shear failure
of the core accompanied with skin–core delamination
at the constant shear region. For specimens with PU
and PP cores, there was mainly a quasi-static compres-
sion of the both types of cores since the corresponding
material diﬀers from that of PET foams. The theoret-
ical analysis reasonably predicted bending stiﬀness of
ﬂat structures, but could not achieve good correlation
with the behavior of curved ones. After this ﬁrst study,
the PET foam begins to show good performance com-
pared to other candidate sandwich cores. As the
mechanical behavior was described in detail, the FE
predictions had good correlation with experimental
results up to the elastic limit. To continue with, the
results were presented by images of experimental
conﬁguration tests and corresponding plots of the dis-
tributions of the mechanical and acoustic parameters
under study. The AE was used principally to conﬁrm
the correlation between damage mechanisms and
acoustic emission classes. This study brought interest-
ing considerations regarding the non-linear behavior of
PET, PU and PP composite sandwich structures and
how the ﬁrst crack failure occurs for these diﬀerent
curved sandwich composites manufactured by the ﬁla-
ment winding process. It should be emphasized that this
manufacturing process has a signiﬁcant inﬂuence on the
mechanical properties of the core, especially for PET
foams with/without grids, due to the presence of a cer-
tain quantity of absorbed resin or cast into the gaps,
and can remain in foams depending on the nature of
manufacturing. In fact, the inherent problem with the
core–laminate interface consists on the consumption of
this additional resin due to the porosity of the core
surface or the cavities created during the forming pro-
cess. Minimizing the resin consumption is a priority in
any design to reduce weight and cost and therefore
consideration of the formability and processing tech-
niques are a critical part of the design process.
However, the variability of observed results concerning
the crack of the specimens is important. This is mainly
due to local variations in the properties of each type of
structure.
Finally, it is deduced that the PET core with an
average density between 100 and 150 kg/m3 is the best
solution to be wound on a mandrel and thus to sustain
the bending loads during the life cycle of the cylindrical
tank. In terms of research and development, a variabil-
ity approach seems to be essential to better understand
the failure initiation of tested specimens. It is obvious
from the conclusions that there is an emergent need
towards the development of a theoretical model which
could represent the curved materials and justify the
nonlinear behavior, as well as the development of the
numerical model to be able to investigate mechanical
properties that cannot be determined experimentally.
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